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Abstract 


Hydrocortisone  Induces  Aortic  Rupture  in  Inbred  Blotchy  Mice. 
Implications  for  Abdominal  Aortic  Aneurysmal  Disease  in 

Humans. 

Edward  Bruce  Savage 
1985 


Blotchy  female  and  Black  female  mice  from  our  Blotchy 
mouse  breeding  colony  and  C57BL/6J  Black  female  mice  from  an 
independent  colony  were  treated  with  hydrocortisone  in 
drinking  water  at  concentrations  of  0.045,  0.15,  0.30,  and/or 
0.45  mg/ml.  Seventy  percent  of  the  Blotchy  females  and  64% 
of  the  Black  females  from  our  colony  died  of  i n t r a t h o r ac i c 
hemorrhage  with  a  mean  survival  of  15.6  and  15.5  days.  Only 
20%  of  the  mice  from  the  independent  colony  died  of  rupture, 
instead  many  died  with  bowel  necrosis  or  of  indeterminate 
cause  with  a  mean  survival  of  19  days. 

A  dose-response  curve  for  the  response  to  hydrocortisone  by 
Blotchy  females  is  presented.  From  the  experimental  data  the 
following  conclusions  are  drawn: 

(1)  Expression  of  the  genetic  predisposition  of  Blotchy  mice 
to  develop  aortic  aneurysms  is  promoted  by  hydrocortisone. 
This  effect  is  dose  dependent  and  saturable. 

(2)  The  Blotchy  trait  of  aneurysm  formation  may  be 
determined  by  mere  than  one  genetic  locus. 
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INTRODUCTION 


For  many  years  nonmycotic,  nonsyphlitic  aortic  aneurysms 
were  attributed  to  the  destructive  effects  of  atherosclerosis 
eroding  the  molecular  support  of  the  aortic  wall.  This  has 
since  been  called  into  question  with  evidence  emerging  to 
suggest  that  there  may  be  a  genetic  predisposition,  caused  by 
a  defect  in  connective  tissue  synthesis,  that  allows  the 
development  of  aneurysms.  Recently  introduced  into  the 
surgical  literature  is  the  Blotchy  mouse,  an  animal  model  for 
the  X-linked  genetic  transmission  of  a  trait  that  predisposes 
the  animal  to  developing  an  aortic  aneurysm.  The  Blotchy 
mouse  is  named  for  its  pattern  of  coat  coloring,  also  an  X- 
linked  trait.  Hemizygous  affected  males  are  pale  and  most 
develop  aortic  aneurysms;  heterozygous  females  have  a  patchy 
coat  with  areas  of  light  and  dark  hair  and  some  develop 
aneurysms;  normal  mice  are  black  and  do  not  develop 
aneurysms.  These  mice  are  thought  to  have  an  abnormality  of 
copper  metabolism  responsible  for  both  of  these  phenotypic 
traits. 

Judah  Folkman,  independently  examining  an  angiogenesis 
regimen  of  heparin  and  hydrocortisone  in  mice  (39)  noted  that 
some  of  the  mice  turned  pale  and  died  from  aortic  rupture 
(Folkman,  personal  communication).  We  thought  this  might  be 
an  effect  of  heparin,  acting  as  a  copper  scavenger,  on  copper 
metabolism  thus  creating  a  situation  similar  to  that  existing 
in  the  Blotchy  and  copper  deprived  mouse.  Thus  we  set  out  to 
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examine  the  effects  that  this  regimen  would  have  on  the 
Blotchy  females  hoping  to  see  a  change  in  coat  color.  To  our 
surprise,  in  two  weeks  all  of  the  mice  were  dead,  many  of 
them  from  aortic  rupture.  At  this  point  emphasis  was  focused 
on  hydrocortisone  as  the  etiologic  agent  and  the  peculiar 
predisposition  of  Blotchy  mice  to  develop  aneurysms.  Herein 
are  contained  results  of  these  studies  and  conclusions  drawn 
from  these  results,  that: 

(1)  Expression  of  the  genetic  predisposition  of  Blotchy  mice 
to  develop  aortic  aneurysms  is  promoted  by  hydrocortisone. 
This  effect  is  dose  dependent  and  saturable. 

(2)  That  Blotchy  mice  may  actually  carry  two  separate 
genetic  traits  which  combine  to  give  the  Blotchy  phenotype; 
the  classic  copper  metabolism  alteration  of  the  mottled  locus 
and  a  second,  undefined  locus  which  further  weakens 


connective  tissue  structure. 


CURRENT  CONCEPTS  ON  THE  ETIOLOGY  OF  AORTIC  ANEURYSMS 
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Aortic  aneurysms  can  be  saccular,  fusiform  or 
dissecting.  Traditional  dogma  ascribes  fusiform  abdominal 
aortic  aneurysms  to  the  destructive  effects  of 
atherosclerosis  and  hypertension.  In  the  1984  edition  of 
Braunwald's  book  on  heart  disease  the  author  reports  that, 
"Abdominal  aortic  aneurysms  arise  in  some  areas 
of  dense  atherosclerosis.  The  atherosclerotic 
process  erodes  the  aortic  wall,  destroying  the 
medial  elastic  elements."  (12) 

The  basic  theory,  that  is  an  extension  of  this  statement,  is 
that  occlusive  disease  and  aneurysmal  disease  are  different 
responses  to  the  destructive  and  reparative  processes  of 
atherosclerotic  scarring  (107).  That  atherosclerosis  is 
the  sole  cause  of  these  aneurysms  has  been  questioned  in 
recent  years  on  the  basis  of  several  observations  by 
perceptive  surgeons.  In  1978  a  paper  was  published  defining 
two  populations  of  patients  with  aorto-iliac  disease.  The 
first  group  which  comprised  15%  of  the  population  was  called 
the  "stenosing"  type  because  the  lesions  were  associated  with 
generalized  peripheral  stenosing  arteriosclerosis.  The  other 
group  called  the  "dilating"  type,  included  85%  of  the  cases 
reported  and  demonstrated  an  abdominal  aortic  aneurysm  with 
accompanying  central  and  peripheral  arterial  dilatation  (73). 
A  study  quantitating  this  dilatation  reported  that  vessels 
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remote  from  the  aortic  aneurysms  were  40-48%  larger  than 
those  of  occlusive  controls  (99).  These  two  groups  were 
further  defined  by  associated  vascular  problems.  The 
"stenosing"  group  had  many  signs  and  symptoms  of  generalized 
occlusive  disease  including  carotid  and  coronary  artery 
disease  and  peripheral  vascular  disease.  Very  few  had 
associated  aneurysms  of  other  vessels.  Patients  in  the 
"dilating"  group  had  fewer  occlusive  problems  but  quite  often 
had  associated  aneurysms  of  other  vessels  (46).  Thus  the 
concept  of  a  population  with  an  inherent  predisposition  to 
aneurysmal  disease  began  to  emerge  and  the  role  of 
atherosclerosis  became  less  certain. 

The  concept  of  an  inherent  predisposition  to  aneurysmal 
disease  was  advanced  in  1980  when  a  review  of  50  consecutive 
aorto-iliac  bifurcation  grafts  for  aneurysmal  or  occlusive 
disease  further  defined  these  two  populations;  that  with  the 
aneurysm  (dilating)  was  older  (67  years  v.  55  years)  and 
showed  a  statistically  significant  difference  in  incidence 
between  males  and  females.  Eighty-eight  percent  of  the 
aneurysms  occurred  in  males  whereas  the  sex  distribution  in 
occlusive  (stenosing)  disease  was  approximately  equal  (103). 
Further  advancing  these  findings  have  been  preliminary 
reports  of  families  with  more  than  one  member  developing  an 
aortic  aneurysm,  with  a  rate  of  incidence  much  greater  than 
would  be  predicted  based  on  random  occurrence  rates  for  the 
general  population  (21,  102).  The  strong  male  predominence 

noted  above  suggests  X-linkage  may  be  involved  in  the 
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transfer  of  this  trait.  As  family  histories  are  accumulated 
the  mode  of  transmission  becomes  less  clear.  A  study  of 
fifty  families  with  more  than  one  affected  member  reports 
many  patterns  of  transmission  suggesting  an  autosomal 
dominant  inheritance  with  sex  limitation  to  explain  male 
preference  (101).  The  true  mode  of  transmission  has  yet  to 
be  defined,  nevertheless  this  work  implies  that  the  etiology 
of  abdominal  aortic  aneurysms  may  be  a  defective  gene 
product  . 

Although  the  morphology  of  an  aortic  dissection  is 
different  from  that  of  a  fusiform  aneurysm,  its  association 
with  Marfan's  Syndrome  is  a  good  model  of  a  genetic  trait 
causing  aortic  wall  weakness.  Patients  with  Marfan's 
Syndrome  have  a  greater  tendency  to  dissection  than  the 
general  population  (82).  This  tendency  is  due  to  a 
genetically  transferred  defect  in  collagen  crosslinkage 
secondary  to  a  defect  in  the  structure  of  the  collagen 
molecule.  This  fact  lends  credence  to  the  theory  that  there 
is  a  genetically  coded  structural  defect  that  predisposes  to 
aortic  dissection  and  that  another  defect  may  exist  that 
predisposes  to  the  development  of  abdominal  aortic  aneurysms. 

Work  in  the  past  has  illustrated  other  factors  that 
contribute  to  the  development  of  abdominal  aortic  aneurysms 
in  man.  Studies  of  the  comparative  anatomy  of  the  aorta  have 
shown  that  the  number  of  elastic  lamina  in  a  particular 
segment  is  proportional  to  the  stress  normally  applied  to  it 
(44).  The  human  aorta  deviates  from  the  pattern  consistantly 
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noted  in  other  mammalian  species.  If  it  followed  this 
pattern  the  abdominal  portion  of  the  human  aorta  would  have 
forty  elastic  lamina  to  provide  the  necessary  tensile 
strength  to  withstand  normal  systemic  pressure;  instead  it 
has  only  twenty-nine  layers  (106).  As  a  result  of  this  each 
elastic  layer  in  the  human  abdominal  aorta  must  withstand 
proportionally  greater  stress  than  layers  in  other  parts  of 
the  aorta.  This  observation  can  account  for  the  preferential 
development  of  an  aortic  aneurysm  in  the  abdomen  but  cannot 
explain  the  differential  predisposition  within  the  human 
species. 

Experiments  quantitating  the  content  of  structural 
molecules  in  the  wall  of  an  abdominal  aortic  aneurysm  have 
shown  that  the  percent  of  scleroprotein  (collagen  and 
elastin)  is  less  than  and  the  ratio  of  collagen  to  elastin  is 
greater  than  that  of  the  non-aneurysmal  infrarenal  aorta  (90, 
97).  Based  on  these  observations  a  logical  assumption  is 
that  the  trait  for  aneurysm  development  may  involve  a  defect 
in  the  metabolism  of  the  structural  molecules  of  the  vessel 
wall;  Either  a  deficiency  in  synthesis  or  increased  turnover 
of  this  framework.  The  concept  of  increased  turnover  will  be 
discussed  here  and  that  of  a  defect  in  synthesis  in  the 
section  on  Collagen  and  Elastin. 

Studies  have  been  done  assessing  the  activities  of 
elastase  and  collagenase  in  the  aortic  wall  from  patients 
with  and  without  aneurysms.  The  first  compared  eleven 
patients  with  aneurysmal  lesions  and  five  patients  with 


COLLAGEN  AND  ELASTIN  IN  AORTIC  STRUCTURE 
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The  two  major  structural  proteins  of  the  aortic  media 
are  collagen  and  elastin.  Structural  collagen  is  a  fibril 
formed  from  monomers  secreted  by  smooth  muscle  cells.  These 
monomers,  secreted  as  procollagen,  after  cleavage  by 
extracellular  enzymes  spontaneously  polymerize  to  form 
collagen  fibers.  This  is  a  weak,  acid  soluble  form  in  which 
the  monomers  are  held  together  only  by  physical  forces.  The 
collagen  fiber  gains  strength  with  the  spontaneous  formation 
of  covalent  crosslinks  between  the  monomers  (36).  Elastin  is 
synthesized  in  a  similar  fashion,  secreted  as  tropoelastin 
monomers  which  are  then  crosslinked  to  form  macromolecules 
(80). 

The  role  of  each  of  these  macromolecules  is  unique.  In 
an  experiment  to  study  the  role  of  each  molecule  in 
maintaining  vessel  integrity,  canine  carotid  arteries  were 
treated  with  collagenase  or  elastase  and  then  distended  with 
increasing  pressure  to  150mmHg.  Vessels  treated  with 
elastase  to  examine  the  role  of  collagen  dilated  markedly  but 
did  not  rupture.  All  vessels  treated  with  collagenase  to 
examine  elastin  dilated  very  little  then  ruptured  (31).  From 
this  result  the  author  concluded  that  intact  collagen  is 
necessary  to  maintain  the  structural  integrity  of  the  vessel 
wall.  Collagen  performs  this  role  by  forming  long  fibrils 
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interconnecting  the  various  components  of  the  vessel  wall  and 
encompassing  the  smooth  muscles  and  elastic  lamina  with  a 
fine  reticular  meshwork  (4,  44,  45).  Elastin  lends 
compliance  to  the  aortic  wall.  It  exists  in  a  globular  form 
radiating  raicrofibrils  to  surrounding  structures.  This 
globule  contains  many  hydrophobic  amino  acids  which  allow  the 
chain  to  recoil  to  its  original  form  when  tension  is  released 
(80). 

All  this  aside,  neither  molecule  could  function  without 
being  linked  to  its  neighbor.  Lysyl  Oxidase  plays  a  key  role 
in  this  aspect  of  s c 1 e r o p r o t e i n  synthesis.  This  copper 
metalloenzyme  appears  to  be  the  only  enzyme  necessary  for  the 
synthesis  of  crosslinks.  It  converts  the  amino  side  chains 
of  lysine  and  hydroxyly sine  residues  in  elastin  and  collagen 
monomers  to  the  aldehydes  allysine  and  h y d r o x y a  1 1 y s i ne  (37, 
79).  All  crosslink  reactions  after  this  occur  spontaneously 
(37). 


C=U  3H 

CH-(CH2)t— c-nh, 
I  I 

NH  3H 


! 

C=0  3H 
I  I 

CH-(CH2l,— C=0 
|  +NII4+  +  jH  + 

NH 

\ 


3H +  +  H20  ^  3HHO  +  H  + 


Fig.  1.— Release  of  tritium  during  allysine  formation. 


Figure  1 
(79) 
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The  major  crosslinks  of  elastin  are  desmosine  and 
isodesmosine ,  each  formed  from  three  allysines  and  one 
lysine  (80).  Figure  2  (89) 

n 


U 


dmv\j 


Figure  1  Cross-Linking  of  Soluble  Elastin  into  Insoluble  Elastin. 

In  A,  the  polypeptide  chain  of  soluble  elastin  (tropoelastm)  consists  of  elastic  areas  (large  loops)  alternating  with  inelastic 
areas  (small  loops)  The  elastic  areas  are  composed  largely  of  hydrophobic  (nonpolar)  ammo  acid  residues,  such  as  glycine, 
a  anme,  proline,  and  valine  The  inelastic  areas  are  composed  of  polyalanine  sequences  with  interspersed  lysine  residues. 

These  areas  are  potential  cross-link  sites  and  possibly  exist  as  alpha  helixes. 

B  and  C  show  the  apposition  of  two  cross-linking  sites  on  different  chains,  with  the  probable  positions  of  the  lysine  side 
chains  before  the  oxidative  removal  of  the  epsilon  amino  groups.  In  B,  two  alanine  residues  separate  the  two  lysine  residues, 

in  C  there  are  three  alanines. 

In  D  and  E.  aldehydes  have  replaced  three  of  the  four  epsilon  amino  groups  of  the  lysine  side  chains  The  chains  are  folded  to 
indicate  their  probable  contribution  to  the  desmosine  ring  structure. 

In  F,  the  pyridinium  ring  of  desmosine  has  been  formed  with  its  resonating  double  bonds. 

G  shows  a  desmosine  molecule  free  from  peptide  linkages  to  the  elastin  polypeptide  chains  With  isodesmosine,  the  lysme- 
derived  side  chain  opposite  the  nitrogen  (para)  is  moved  to  the  ortho  position. 
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Collagen  has  two  major  types  of  crosslinks.  The  first  are 
"reducible"  with  sodium  borohydride  and  include  many  reaction 
products  of  various  interactions  between  lysine,  allysine, 
hydroxylysine ,  hy d roxyally sine  and  histidine.  The  second 
type  are  "non-reducible"  crosslinks  recently  identified  as 
hydroxypyridinoline  and  lysyl  pyridinoline .  Each  a  3- 
hydroxypyridium  ring;  the  former  from  3  hydroxylysine 
residues,  the  latter  from  two  hydroxylysine  and  one  lysine 
residues.  These  are  thought  to  derive  from  further  addition 
of  lysine  or  hydroxylysine  components  to  certain  "reducible" 
crosslinks  but  the  true  mechanism  of  formation  has  not  been 
established  yet  (36,  37,  42,  43). 


Figure  3 
(37) 


LYSINE 

I  Lysyl  Ox/dose 


Figure  I  Scheme  outlining  one  of  two  routes  of  cross-linking  in  collagen:  Allysine-based 
cross-links  LN,  lysinonorleucine :  HLN.  hvdroxylysinonorleucine .  HMD.  hydroxymero- 
desmosine,  AH.  aldolhistidine .  HHMD,  histidinohydroxymerodesmosine.  The  prefix  A  for 
dehvdro  signifies  the  natural,  aldimme  forms  of  the  various  compounds. 
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Figure  4 
(37) 


HP 


LP 


>  3  Structures  of  the  two  forms  of  3-hydroxypyndimum  cross-linking  residue.  HP.  +i_y$ 
xylysyl  pyndinoline  ;  LP.  lysyl  pyndinoline. 

MaBH4  ^AHLN 


HYDROXYLYSINE 

Lysyl  Oxidase 

HYDROXYALLYSINE 

+Hyt 


ADHLN —  NaBH4 


HLN 

c 

Amador /  Rearrangement 

DHLN 

haBH4  LYSIN0-5- 

KETONORLEUCINE 


HYDROXYLYSINO-5- ' 
KETONORLEUCIft 


NaBH4 


-i 


HP  and  LP] 


3-hydrokypyridinium 

CROSSLIftfS 


NH2-CH-COOH 

(CH2)2 

I 

CHOH 

I 

CH2 


ch2 

I 

CHOH 

(CH2)2 

I 

NH.-CH-COOH 


interuolecular 
CROSS L  IRKS 

(  Dt^ydroHfROHRft ) 


hole 

ZONE 


Figure  2  Scheme  outlining  one  of  two  routes  of  cross-linking  in  collagen  Hvdroxyallysine- 
based  cross-links.  DHLN.  dihydroxylysinonorleucine ;  HP,  hydroxylysyl  pyndinoline,  LP, 
lysyl  pyridinohne  The  prefix  A  for  dehydro,  signifies  the  natural,  aldimine  forms  of  the  various 
compounds. 


Figure 

(37) 


IN  TERUICROr'BRiL  LiR 
CROSSLINK  t JOB  PyriRint  aerrotirt) 

Fig  4  Proposed  mechanism  ( 100)  for  the  formation  of  the  trivalent  3-hydroxvpyndinium  cross¬ 
links  of  collagen  by  interaction  of  two  divalent  cross-links  The  dehydro-dihydroxylysinonorleu- 
cines  are  shown  glycosylated  and  in  their  ketoamine  configuration,  their  predominant  form  in 
collagens  of  bone  and  cartilage  Other  reaction  mechanisms  are  possible,  although  the  one  indi¬ 
cated  is  favored,  and  the  product  agrees  with  the  1.4.5  side-chained  structure  suggested  by  the 
data  of  Fujimoto  (99).  The  upper  molecular  diagram  shows  how  difunctional  cross-links  in  ad¬ 
jacent  five-stranded  microfibrils  can  be  spatially  in  close  apposition,  favoring  their  chemical 
interaction  Single-stranded  filaments  of  head-to-tail  overlapping  molecules  could  interact 
equally  effectively  wherever  they  are  registered  as  shown  here. 


igure 

(36) 
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Previously  mentioned  was  the  theory  that  a  defect  in 
scleroprotein  metabolism  may  predispose  to  aortic  aneurysm 
development.  Increased  turnover  has  been  discussed.  One  can 
postulate,  based  on  the  proposed  roles  for  collagen  and 
elastin,  that  deficient  synthesis  of  or  synthesis  of 
defective  molecules  of  either  of  these  components  but 
especially  of  collagen  would  severely  compromise  the  tensile 
strength  of  the  vessel  media.  In  a  study  of  patients  with 
ruptured  cerebral  aneurysms  the  ruptured  vessels  in  eleven  of 
seventeen  patients  were  Type  III  collagen  deficient  (74).  If 
a  similar  type  of  defect  exists  in  the  human  abdominal  aorta, 
which  is  already  weakened  by  the  deficiency  of  medial  layers 
it  might  become  too  weak  to  withstand  the  stress  of  blood 
pressure,  especially  in  the  presence  of  systemic 
hypertension  . 

Several  human  syndromes  have  been  described 
characterized  by  various  forms  of  connective  tissue  weakness. 
Marfan's  Syndrome  and  Ehlers-Danlos  Syndrome  comprise  a  group 
of  disorders  characterized  by  defects  in  structural  protein, 
many  caused  by  defective  crosslinkage  (37).  The  defect  in 
Ehlers-Danlos  Syndrome  Type  V  is  thought  to  be  due  to 
defective  activity  of  lysyl  oxidase  leading  to  decreased 
formation  of  stable  "non-reducible"  crosslinks  (30).  In  one 
form  of  Marfan's  Syndrome  there  is  a  normal  complement  of 
Types  I  and  III  collagen,  normal  lysyl  oxidase  activity  and 
normal  to  high  levels  of  reactive  aldehydes  but  a  fifty 
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percent  lower  than  normal  density  of  3-hydroxypyridinium 
crosslinks.  The  defect  is  thought  to  be  inherent  to  the 
monomer  structure  or  processing  that  prevents  spontaneous 
crosslinkage;  perhaps  by  causing  intermolecular  misalignment 
(11).  These  two  types  described  have  different  molecular 
defects  and  mechanisms  leading  to  a  similar  results;  a  defect 
in  the  formation  of  crosslinks.  Both  of  these  diseases  are 
also  a  part  of  a  spectrum  comprising  many  phenotypes  with  as 
yet  undefined  molecular  defects.  Noting  the  variable  effects 
that  one  mutation  can  have  on  connective  tissue  structure  and 
strength  and  the  various  genetic  defects  that  can  effect 
connective  tissue,  it  is  reasonable  to  assume  that  the  trait 
for  development  of  aortic  aneurysms  may  be  another  expression 
of  a  defect  in  connective  tissue  synthesis. 
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BLOTCHY  MICE  AND  OTHER  ANIMAL  MODELS  OF  AORTIC  ANEURYSM 


There  are  a  few  animal  models  of  aortic  aneurysm 
including  the  Broad-breasted  White  turkey  (10,  47)  and  the 
Blotchy  mouse  (3).  Blotchy  is  the  member  of  a  family  of  mice 
called  Mottled.  Mottled  includes  mice  that  have  in  common  a 
variation  in  coat  color  that  is  genetically  transmitted  in  an 
X-linked  pattern.  Normal  males  (+/Y)  and  females  (+/+)  are 
black.  Heraizygous  males  (Mo/Y)  are  pale  with  little 
pigmentation.  Heterozygous  females  (Mo/+)  are  intermediate 
demonstrating  a  pattern  of  transverse  bands  of  lighter  and 
darker  pigmentation.  There  are  five  types  of  mice  thought  to 
express  different  alleles  at  the  mottled  locus:  Blotchy, 

Brindled,  Dappled,  Viable  Brindled,  and  Tortoise.  Each  of 
these  has  in  common  coat  color  but  each  expresses  independent 
abnormalities  (93).  Brindled  heraizygous  males  (Br/Y)  rarely 
survive  more  than  fourteen  days.  This  is  related  to  a 
deficiency  in  brain  norepinephrine  caused  by  deficient 
activity  of  dopamine  beta-hydroxylase  (56,  57).  Blotchy 
mice  are  notable  for  the  tendency  of  hemizygous  males  (Blo/Y) 
to  die  from  a  ruptured  aortic  aneurysm,  and  to  have  decreased 
skin  tensile  strength  and  joint  disease  (33,  37,  84,  92). 
Ninety-eight  percent  of  Blotchy  hemizygous  males  develop 
aortic  aneurysms.  The  aneurysms  usually  rupture  after  150 
days  of  age.  The  mice  have  a  median  life  span  of  200  days 
with  ninety  percent  dead  by  one  year  (93).  Data  on  the 
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occurrence  of  aneurysms  in  other  mice  is  presented  in  Table 

I . 


Table  I 


Mouse 

Aortic 

Normal 

Lesion  (percent) 

Aneurysm  S-curve 

Blo/  + 

63 

3_2 

5 

Blo/Blo 

15 

85 

Bio/ Y 

2 

98 

Blo/Br 

100 

Br /  + 

100 

Br/Y 

100 

Da  p  /  + 

90 

4 

6 

To/  + 

58 

25 

17 

To/Y 

19 

81 

S-curve  refers 

to  aortic  ectasia 

(93) 

Most  of  the  aneurysms  are  saccular  or  fusiform.  They  arise 

in  the  aortic  arch  or  the  proximal  portion  of  the  descending 

aorta.  At  times  they  are  multiple  (3). 

Figure  7  (3) 


Text-fig  1 — Diagramatic  illustration  of  the  manv  gross  appearances  of  aortic  aneurvsms. 
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These  defects  have  been  attributed  to  a  deficiency  of 
lysine  derived  crosslinks  in  collagen  and  elastin  secondary 
to  a  lack  of  lysine  derived  aldehydes  synthesized  by  lysyl 
oxidase  (84).  In  quantitative  studies  skin  extracts  from 
Blotchy  mice  show  decreased  lysyl  oxidase  activity. 

Hemizygous  males  (Blo/Y)  have  activity  that  is  only  5-30%  of 
littermate  controls  (85).  Heterozygous  females  (Blo/+)  have 
activity  greater  than  fifty  percent  of  controls.  This 
activity  parallels  the  severity  of  the  cross-link  defect  and 
the  amount  of  acid  soluble  collagen  pointing  to  the  decreased 
activity  of  lysyl  oxidase  as  the  cause  of  the  structural 
defect  in  connective  tissue  of  Blotchy  mice  (85).  The 
decreased  lysyl  oxidase  activity  could  be  a  result  of  (a)  an 
absolute  decrease  in  tissue  levels  of  lysyl  oxidase  due  to 
decreased  synthesis  or  increased  breakdown,  (b)  synthesis  of 
and  altered  enzyme  with  a  higher  Km,  or  (c)  adequate  enzyme 
synthesis  with  inadequate  availability  of  the  copper 
cofactor.  Most  research  into  the  nature  of  this  defect  has 
focused  on  the  copper  as  a  cofactor  of  lysyl  oxidase  and  the 
abnormalities  of  copper  metabolism  in  mottled  mice  (55). 


COPPER  METABOLISM  IN  MOTTLED  MICE  AND  HUMANS 
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The  defects  in  Brindled  and  Blotchy  mice  are  those  most 
studied  of  the  Mottled  mice.  General  agreement  is  that  there 
is  a  defect  in  copper  metabolism  and  that  its  effects  are 
mediated  by  the  deficient  activities  of  copper  dependent 


enzymes.  Table  II  lists  some 

of  these  enzymes  and  their 

activities  . 

Table  II 

Copper  Metal loenzymes 

Functional  role 

Cytochrome  C  oxidase 

Electron  transport  chain 

Superoxide  dismutase 

Free  radical  detoxification 

Dopamine  B  hydroxylase 

Catecholamine  production 

Lysyl  oxidase 

X-link  collagen  and  elastin 

Tyrosinase 

Melanin  production 

Ceruloplasmin 

Ferroxidase,  Cu  transport 

(16) 

Hemizygous  Brindled  mice  (Br/Y)  are  notable  for  reduced 
growth  rate,  reduced  pigment  synthesis,  abnormal  hair 
structure,  neurological  abnormalities  including  ataxia  and 
tremors  and  reduced  viability  (death  at  about  14  days)  (54). 
These  mice  have  a  defect  in  copper  metabolism  characterized 
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by  deficiencies  of  copper  in  some  organs  and  concentration  to 
excess  in  others.  Specifically  this  includes  impaired 
intestinal  copper  absorption  characterized  by  normal 
epithelial  uptake,  excess  mucosal  accumulation  and  decreased 
efflux;  deficient  hepatic  copper  uptake;  decreased  brain 
copper  levels  and  renal  copper  concentration  to  levels  in 
excess  of  normal  (35).  Brindled  mice  are  considered  to  be  a 
model  for  the  human  Menkes’  Kinky  Hair  Syndrome  (15).  This 
is  an  X-linked  disorder  with  symptoms  that  include  abnormal 
hair  growth,  depigmentation,  arterial  degeneration,  growth 
retardation,  progressive  neurological  degeneration  and  death 
in  the  first  year  of  life  (6,  16).  These  patients  have  a 

similar  defect  in  copper  metabolism  with  defective  gut  copper 
absorption  and  mucosal,  renal,  pancreatic,  osseous,  muscular 
and  dermal  copper  excess  and  a  deficiency  of  copper  in  liver 
and  all  other  tissues  (16,  80). 

Hemizygous  Blotchy  male  mice  (Blo/Y)  display  a  phenotype 
similar  to  Brindled  mice  including  poor  growth,  abnormal  hair 
structure  and  depigmentation.  However  they  differ  in  their 
significantly  longer  life  span  and  development  of  and  death 
from  aortic  aneurysms  (29).  In  the  hemizygous  Blotchy  male 
(Blo/Y)  gut  copper  absorption  is  64%  and  hepatic  copper 
content  is  56%  that  of  normal  mice,  but  copper  accumulation 
in  fibroblasts  is  500%  that  of  normal  mice  (95).  In 
experiments  feeding  Blotchy  mice  radioactive  copper  (Cu64) 
the  hemizygous  males  (Blo/Y)  demonstrated  increased 
accumulation  of  copper  in  kidney,  lung,  connective  tissue, 
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skin  and  duodenum.  Heterozygous  females  (Blo/+)  showed 
similar  results  with  increased  kidney,  skin  and  connective 
tissue  copper  content  but  no  increased  duodenal  copper 
accumulation.  However  both  males  and  females  had  decreased 
liver  copper  accumulation  (77).  All  this  points  to  what  is 
considered  a  similar  defect  in  copper  metabolism  in  Brindled 
and  Blotchy  mice  and  Menkes'  Syndrome.  The  fact  that  each 
mouse  has  a  distinct  phenotype  suggests  that  Brindled  and 
Blotchy  may  be  separate  alleles  of  the  same  genetic  locus. 

The  etiology  of  this  defect  in  copper  metabolism  with 
deficient  gut  absorption  and  selective  cellular  concentration 
and  deficiency  has  defied  definition  for  many  years.  In 
culture,  skin  fibroblasts  from  patients  with  Menkes'  Syndrome 
show  increased  and  excessive  accumulation  of  radioactive 
copper.  When  these  cells  are  placed  in  a  non-radioactive 
medium  the  release  of  radioactive  copper  is  slower  and  less 
complete  than  normal  controls  (8).  Most  of  this  excess 
copper  is  bound  to  metallothionein(MT)  which  is  the  major 
cytosolic  storage  protein  for  copper  and  is  also  present  in 
excess  in  these  cells.  Thus  the  defect  in  some  organs  may 
involve  some  aspect  of  cellular  copper  metabolism  where 
copper  is  taken  up  in  excess  by  cells  but  unavailable  for  use 
by  cellular  enzymes.  As  outlined  in  a  recent  review  possible 
causes  of  this  are  (1)  an  altered  MT  with  increased  affinity, 
(2)  increased  stability  of  MT,  (3)  a  regulatory  defect  with 
increased  MT  synthesis,  (4)  an  altered  intracellular  copper 
transport  protein  or  (5)  a  defect  of  copper  efflux  or 
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utilization  with  secondary  MT  synthesis  (15).  Most  theories 
concentrated  on  a  defective  MT.  However  the  MT-I  gene  has 
since  been  mapped  to  mouse  chromosome  8,  precluding  X-linked 
transmission  and  pointing  to  a  defect  independent  of  MT  and 
yet  to  be  defined  (25). 

Based  on  the  assumption  that  there  is  a  primary  defect 
of  copper  metabolism,  how  does  this  convey  the  phenotypes  of 
Blotchy  and  Brindled?  Coat  color,  a  common  characteristic  of 
both  of  these  phenotypes  is  mediated  by  Tyrosinase. 

Tyrosinase  is  the  first  enzyme  in  a  multistep  pathway  of 
conversion  of  tyrosine  to  melanin.  It  requires  a  copper 
cofactor  for  activity  and  phenyl  thiourea  or  sodium 
diethylthiocarbamate  inhibit  its  activity  by  combining  with 
the  copper  in  the  enzyme  (63).  The  coat  of  C57BL/6J  mice  fed 
a  copper  deficient  diet  for  four  weeks  will  change  from 
intense  black  to  light  brown  in  regrown  hairs  demonstrating 
this  enzyme's  acute  need  for  copper  for  normal  activity. 
Analysis  of  the  tyrosinase  from  these  copper  deprived  mice 
and  mottled  mice  show  similar  properties  including  similar 
results  on  d opa-incubated  electropherograms  and  that  there  is 
synthesis  of  considerable  amounts  of  inactive  apoenzyme  (50). 
Copper  supplementation  to  brindled  males,  blotchy  males  and 
heterozygous  blotchy  females  leads  to  darker,  if  not  black 
new  hair  growth  (54;  Savage  EB,  Tilson  MD,  Gertler  J 
unpublished  observations).  Based  on  these  observations  the 
coat  color  characteristics  can  be  related  to  the  deficient 
activity  of  tyrosinase  and  lack  of  melanin  synthesis  in 
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individual  melanocytes.  Thus  the  heraizygous  males  (Blo/Y) 
are  pale  because  all  of  their  melanocytes  express  the 
cellular  defect  of  copper  metabolism.  In  the  heterozygous 
female  (Blo/+),  consistant  with  the  X-linked  nature  of  this 
defect,  the  Lyon  Hypothesis  can  be  invoked  to  explain  the 
presence  of  normal  and  abnormal  melanocytes  giving  the 
characteristic  mosaic  of  light  and  dark  hairs. 

Dopamine-B-Hy droxy lase  catalyzes  the  conversion  of 
dopamine  to  norepinephrine.  It  too  is  a  copper  dependent 
enzyme  and  copper  chelaters  will  inhibit  its  activity  (23). 
Brindled  mice  have  decreased  central  and  peripheral 
norepinephrine  synthesis  with  accompanying  accumulation  of 
the  precursors  tyrosine  and  dopamine.  This  is  thought  to 
contribute  to  the  neurological  defects  and  early  death  of 
brindled  males  (56,  57).  When  supplemented  with  copper  these 
mice  live  beyond  ninety  days  of  age  (untreated  they  die  at 
fourteen)  and  have  higher  levels  of  brain  norepinephrine  and 
increased  DBH  activity  (54,  105). 

The  most  notable  deficiency  of  a  copper  raetalloenzyme 
activity  expressed  in  the  Blotchy  mouse  is  that  of  lysyl 
oxidase  with  the  resultant  formation  of  aortic  aneurysms  by 
mechanisms  previously  described.  Young  chicks  and  pigs 
raised  on  copper  deficient  diets  die  from  structural  lesions 
of  the  major  arteries  with  conspicuous  defects  of  the  elastic 
membrane  and  decreased  mechanical  strength  of  affected 
vessels  (20,  91).  Lathyrogens  such  as  Beta- 
aminopropionitrile  cause  similar  lesions  by  inhibiting  the 
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activity  of  lysyl  oxidase  (20).  Studies  of  both  Brindled 
(Br/Y)  and  Blotchy  (Blo/Y)  male  mouse  skin  shows  lysyl 
oxidase  activity  to  be  only  5  to  30  percent  that  of 
littermate  controls.  Heterozygous  Blotchy  females  (Blo/+) 
have  skin  lysyl  oxidase  activity  that  is  greater  than  50 
percent  that  of  controls  (85).  In  humans,  fibroblasts  from 
Menkes'  Syndrome  patients  and  the  proposed  Eh 1 e r s -Da n 1 o s  Type 
IX  patients  have  decreased  lysyl  oxidase  activity  with 
increased  intracellular  copper  levels  pointing  to  an 
intracellular  defect  of  copper  metabolism  that  makes 
intracellular  copper  unavailable  to  lysyl  oxidase  (67,  78, 

86).  Copper  supplementation  of  chicks  previously  fed  a 
copper  deficient  diet  will  markedly  increase  aortic  lysyl 
oxidase  activity  (48,  49).  This  has  also  been  demonstrated 
IN  VITRO  with  cells  from  copper  deprived  chick  aortas.  There 
is  a  3-5  hour  delay  in  the  appearance  of  lysyl  oxidase 
activity  after  the  copper  is  added  to  the  media  and 
cyclohexaraide ,  an  inhibitor  of  protein  synthesis,  will  block 
this  response  demonstrating  that  new  synthesis  is  required 
for  copper  utilization  (81).  Of  interest  is  that  propanolol 
appears  to  enhance  the  activity  of  lysyl  oxidase  and  in 
aneurysm  prone  turkeys  will  lead  to  increased  tensile 
strength  and  decreased  incidence  of  aortic  rupture,  an  effect 
independent  of  its  blood  pressure  and  pulse  rate  lowering 
effect  ( 16) . 

As  noted  previously,  copper  supplementation  of  Brindled 
and  Blotchy  mice  and  copper  deprived  animals  will  lead  to  the 


increased  activity  of  some  copper  metalloenzymes .  However, 
treatment  of  Blotchy  mice  with  copper  which  will  be  recalled 
leads  to  darker  coat  color,  shows  some  interesting  deviation 
from  this  pattern:  (l)Skin  lysyl  oxidase  activity  of  Blotchy 

mice  does  not  respond  as  well  to  copper  treatment  as  does 
that  of  Brindled  mice  and  ( 2 ) cytochrome  C  oxidase  activity 
which  responded  quite  well  to  treatment  in  Brindled  mice 
failed  to  respond  in  Blotchy  mice  (16),  This  coupled  with 
the  conspicuous  absence  of  aneurysms  in  Brindled  mice  points 
to  the  possibility  that  the  defects  in  Brindled  and  Blotchy 
may  not  be  allelic  or  that  Blotchy  may  have  an  additional 
separate  mutation  elsewhere  predisposing  to  aneurysms  that  is 
compounded  by  the  copper  dependent  defect. 

[Recall  from  Table  I  that  Brindled  males  do  not 
develop  aneurysms.  This  is  deceptive  because  they 
do  not  live  long  enough  to  develop  aneurysms.  For 
a  more  realistic  comparison  note  that  32%  of 
the  heterozygous  Blotchy  females  ( B 1 o / + )  and  85%  of 
(Blo/Blo)  females  develop  aneurysms  whereas  none  of  the 
Brindled  females  (Br/+)  and  none  of  the  Brindled/Blotchy 
females  (Blo/Br)  do.] 

As  a  possible  explanation  for  this  it  has  been  speculated 
that  the  genes  for  lysyl  oxidase  may  be  closely  linked  to 
those  for  copper  metabolism  on  the  X-chromosome  thus  a  single 
mutation  may  affect  both  genes,  but  the  true  relationship 
still  remains  a  mystery  (85,  95). 


25 

The  exact  relationship  of  copper  to  aneurysm  formation 
in  humans  has  not  yet  been  defined.  Aneurysm  patients  have  a 
significantly  higher  serum  ceruloplasmin  and  copper  levels 
than  normal  controls  (91).  There  are  conflicting  reports  of 
liver  and  skin  copper  levels  in  aneurysm  patients.  One  study 
reports  depressed  copper  levels  (98,  100)  and  another  study 

reports  elevated  copper  levels  (2).  Thus  the  final  chapter 
on  copper  metabolism  and  aneurysms  in  humans  is  far  from 
complete . 
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THE  EFFECTS  OF  STEROIDS  ON  COLLAGEN  AND  VASCULAR  TISSUES 


Steroids  of  various  forms  and  functions  are  widely  used 
to  treat  a  broad  spectrum  of  illnesses.  Yet  these  compounds 
are  not  used  without  adverse  consequences.  The  toxic  effects 
of  prolonged  therapy  with  glucocorticoids  include  electrolyte 
imbalance,  hyperglycemia,  glycosuria,  increased  infection 
susceptability ,  peptic  ulcers,  osteoporosis,  skin  atrophy, 
growth  inhibition,  psychosis,  adrenal  atrophy  and  lymphoid 
tissue  regression  (28).  Some  of  these  effects  are  related  to 
decreases  in  absolute  amounts  of  structural  tissue 
(osteoporosis,  dermal  atrophy).  Since  80%  of  the  dry  weight 
of  skin  is  collagen,  a  loss  of  collagen  must  occur  with 
dermal  atrophy  (9).  There  are  many  reports  of  weakening  and 
loss  of  connective  tissue  composed  of  collagen  associated 
with  steroid  use.  Prolonged  steroid  use  leads  to  bone  loss 
and  a  significant  increase  in  the  number  of  fractures  in 
asthma  patients  (1).  In  patients  with  Kawasaki's  disease, 

65%  of  those  treated  with  steroids  developed  coronary  artery 
aneurysms  compared  to  untreated  controls  of  whom  only  20% 
developed  aneurysms  (59).  There  are  four  reported  cases  of 
rupture  of  the  Achilles'  tendon  after  treatment  of 
intractable  pain  from  tendonitis  with  local  steroid 
injections  (61,  68).  These  ruptures  occurred  after  minor 
stress,  and  the  tendons  were  grossly  soft  and  degenerated  in 
comparison  to  the  normal  i n t e r d i g i t a t e d ,  shredded  appearance 
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of  a  traumatic  tendon  rupture.  In  rabbits  with  corneal 
injuries  high  doses  of  steroids  will  prevent  adequate 
repair  (70).  Finally,  it  is  notable  that  during  pregnancy,  a 
state  of  increased  physiological  levels  of  steroid  hormones, 
women  have  a  higher  incidence  of  aortic  dissection  and  of 
acute  rupture  of  saccular  splenic  artery  aneurysms  (82). 

There  are  a  few  specific  models  of  steroids 
precipitating  aortic  rupture  in  animals.  Of  24  turkeys 
treated  with  a  24  milligram  subcutaneous  pellet  of 
diethy lstilbestrol ,  14  (58.3%)  were  dead  between  two  to  five 
weeks  after  implantation  of  dissecting  aortic  rupture  (5). 

In  experiments  with  hamsters  treated  with:  (a)  Melengestrol 

acetate  (a  progestogen)  15  of  36  died  within  eight  weeks,  11 
of  supravalvular  aortic  rupture  (22);  (b) 

desoxycor ticosterone  (a  raineralocor ticoid )  and  cortisol  or 
cortisone  developed  dissecting  aortic  rupture  without 
increases  in  blood  pressure  (40);  (c)  desoxycor ticosterone 

and  cortisol  developed  dissecting  aortic  rupture  in  6  to  36 
days  (41);  (d)  cortisone  acetate,  51  of  77  died  in  26  to  162 
days  of  massive  hemorrhage,  26  with  proven  aortic  dissection 
originating  just  above  the  aortic  valve  (96). 

There  are  two  factors  that  are  potentially  responsible 
for  these  observations:  (a)  Decreased  tensile  strength  or 

(b)  increased  stress.  In  the  case  of  aortic  rupture  the 
latter  would  take  the  form  of  increased  systemic  blood 
pressure.  Hypertension  has  been  produced  in  rats  with 
cortisone  acetate  (62)  and  methyl  prednisolone  (65)  and 
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excess  adrenal  steroids  are  thought  to  produce  the 
hypertension  associated  with  Cushing’s  Syndrome  (64). 

In  support  of  reduced  tensile  strength  are  many  studies 
showing  major  effects  of  steroids  on  the  structural 
components  of  the  vascular  wall,  for  example:  Treatment  of 
aortic  smooth  muscle  cells  from  humans  with  cortisol  (58)  and 
from  cows  with  dexamethasone  (71)  caused  marked  growth 
retardation.  Cortisol  caused  an  increase  in  collagenoly tic 
and  proteolytic  activity  in  the  extracellular,  e x t r a f i b r i 1 1 a r 
compartment  of  rat  skin  and  in  rat  fibroblast  cultures  within 
four  hours  (53).  Prednisolone  caused  increased 
collagenoly tic  activity  in  fogarty  catheter  induced  pressure 
injuries  of  rabbit  aortas  (72). 

The  above  are  interesting  observations  about  cellular 
growth  and  catabolism  but  the  major  effects  of  steroids  are 
probably  anti-anabolic  and  relatively  specific  to  new 
collagen  synthesis.  The  first  observations  that  steroids  had 
an  anti-anabolic  effect  on  collagen  synthesis  were  made  in 
rats  that,  when  treated  with  cortisone,  had  decreased  urinary 
hyd roxy prol ine  excretion  (a  direct  marker  of  collagen 
turnover).  When  cortisone  was  administered  for  ten  days 
before  14C-proline,  the  hydroxyproline  excretion  and  urine 
1 4C-hy d r o x y p r o 1 in e  specific  activity  were  both  lower;  when 
14C-proline  was  given  for  30  days  before  the  cortisone  there 
was  a  small  decrease  in  hydroxyproline  excretion  but  n o 
change  in  urine  14C-hydroxyproline  specific  activity.  From 


this  result  the  investigator  concluded  that  there  was  an 


anti- anabolic  action  of  cortisone  on  the  formation  of  new 
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soluble  cortisone  but  no  effect  on  the  catabolism  of  mature 
insoluble  collagen  (60,  94).  In  other  studies  it  has  been 
shown  that  glucocorticoids  decrease  the  activity  of  lysyl 
oxidase  and/or  prolyl  hydroxylase  in  a  dose  dependent  manner 
in  rat  skin  (7,  24,  27,  75),  liver  (26),  and  chick-embryo 
tendon  cells  (76).  The  decreased  activities  of  these  enzymes 
were  thought  to  be  one  cause  of  the  decreased  collagen 
synthesis.  However  if  this  were  the  major  cause  then  one 
would  expect  this  to  result  in  an  increased  ratio  of  proline 
to  hy d roxy prol in e  in  newly  synthesized  collagen.  Steroids 
have  not  been  shown  to  change  this  ratio  from  that  of 
untreated  tissue  so  the  effect  on  collagen  synthesis  probably 
occurs  prior  to  the  activity  of  these  enzymes  on  the  collagen 
molecule  ( 24  )  . 

There  have  been  many  models  used  to  study  the  actual 
effects  of  steroids  on  collagen  synthesis.  Most  studies 
report  a  dose  dependent  selective  inhibition  of  collagen 
synthesis;  selective  because  the  steroids  will  suppress  both 
non-collagen  protein  and  collagen  synthesis  but  will  suppress 
the  latter  to  a  greater  degree  (28,  66,  75,  87,  104).  A  few 
studies  have  reported  stimulation  of  collagen  synthesis  by 
steroids.  In  one  of  these  the  stimulatory  effect  was  only 
noted  in  the  log  phase  of  cell  growth;  in  the  confluent  phase 
there  was  a  steroid  dependent  decrease  in  collagen 
synthesis  (69).  In  another  study  the  stimulatory  effect  was 
noted  after  five  hours  of  treatment  (32).  Subsequent  studies 
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report  that  often  a  stimulatory  effect  is  noted  in  the  first 
24  hours  of  treatment  but  after  that  the  steroid  effects  are 
generally  depressive  (17,  88).  Thus  most  evidence  points  to 
a  depressive  effect  of  steroids  on  new  collagen  synthesis. 

On  a  more  basic  level,  glucocorticoids  cause  decreased 
uptake  of  precursor  amino  acids  and  decreased  synthesis  of 
procollagen  mRNA  (28).  Lung  and  dermal  polysomal  raRNA 
isolated  from  triamcinolone  treated  rats  showed  a  decrease  in 
all  mRNA  production  but  a  proportionally  greater  decrease  in 
procollagen  mRNA  than  non-procollagen  protein  mRNA  (83). 
Decreased  DNA  synthesis  has  also  been  noted  with  steroid 
treatment  (75,  104).  A  direct  effect  on  DNA  synthesis 

implies  the  presence  of  specific  steroid  receptors  in  the 
cells  synthesizing  collagen.  In  fact,  the  canine  aorta  has 
been  shown  to  have  highly  specific  receptors  for  estrogens, 
androgens  and  glucocorticoids  that  are  concentrated  in  the 
media  and  adventitia  (52). 

In  summary,  there  appears  to  be  a  very  specific  effect 
of  glucocorticoids  on  structural  proteins  of  the  aorta 
causing  structural  weakness  principally  t h rough  a  decrease  in 
structural  subunit  synthesis. 
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MATERIALS  AND  METHODS 


C57BL/6-J-Blotchy  mice  were  obtained  from  an  inbred 
colony  maintained  at  Yale  Medical  School  by  M .  David  Tilson. 
Tetracycline,  heparin  (>140  USP  U/mg),  and  hydrocortisone 
were  purchased  from  Sigma  Corporation  (USA).  Due  to  reported 
problems  with  infection  (39)  using  a  similar  regimen  of 
steroid  treatment,  precautions  were  taken  including:  (a) 

Using  filter-frame  cages,  (b)  wearing  masks  and  gloves  when 
handling  mice,  (c)  autoclaving  all  food,  drinking  water, 
water  bottles,  cages  and  bedding,  (d)  changing  cages  twice  a 
week  and  (e)  supplementing  drinking  water  with  tetracycline 
as  prophylaxis  for  infection.  All  pharmaceuticals  were  added 
to  sterile  distilled  water  and  administered  ad  libitum  in 
drinking  water.  The  average  mouse  consumed  5-10  ml  of 
drinking  water  per  day.  Adequate  measurement  of  consumption 
was  not  possible  on  available  equipment.  The  mice  were  fed 
the  standard  laboratory  mouse  food. 

The  experiments  in  this  paper  were  performed  in  two 


stages  . 
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STAGE  I 

Twenty  Blotchy  female  mice  (Blo/+)  of  various  ages 
ranging  from  one  month  to  one  year  were  randomly  assigned  to 
four  groups. 

Group  1  Tetracycline 

Group  2  Heparin 

Group  3  Hydrocortisone,  tetracycline 

Group  4  Heparin,  hydrocortisone,  tetracycline 

Dosages  added  to  drinking  water  were  based  on  previous  work 
done  by  Folkraan  (1983):  Tetracycline  750  mg/L, 
hydrocortisone  0.45  mg/ml,  heparin  >200  U/ml,  Chemicals  were 
replaced  6  days  per  week.  Of  the  ten  mice  in  groups  3  and  4, 
nine  mice  died  and  were  autopsied  and  one  was  sacrificed  on 
day  16  for  angiography.  One  mouse  in  group  2  was  sacrificed. 
Samples  of  heart,  lung  and  aorta  from  the  heart  to  the  aortic 
bifurcation  from  selected  animals  were  sent  for  histological 
staining . 


STAGE  II 

After  the  discoveries  of  the  first  stage  experimentation 
was  concentrated  on  what  were  thought  to  be  the  aortic 
rupture  inducing  effects  of  hydrocortisone.  Two  types  of 
experiments  were  performed.  The  first  experiments  compared 
the  effect  of  different  dosages  of  hydrocortisone  on  Blotchy 
Female  (Blo/+)  mice  to  derive  a  dose  response  curve.  Dosages 
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used  were  0.45,  0.30,  0.15  and  0.045  mg/ml.  Data  were 
derived  using  mean  survival  and  length  of  survival  to  aortic 
rupture  as  a  measure  of  drug  effect.  The  second  experiments 
compared  the  variable  effects  of  a  constant  dose  of 
hydrocortisone  (0.45mg/ml)  on  Blotchy  Female  (Blo/+)  and 
Black  Female  (+/+)  mice  from  our  breeding  colony  and  Black 
Female  (+/+)  C57BL/6J  mice  from  an  independent  colony  at 
Jackson  Laboratories.  In  all  experiments  treatment  was 
continued  until  death  or  for  twenty-one  to  thirty-two  days, 
whichever  came  first.  Selected  animals  were  sacrificed  for 
angiography  and  histological  sectioning  as  noted  in  the 
results  section  . 

Mice  of  various  ages  were  used  in  different  experiments 
but  in  all  cases,  except  where  noted,  comparisons  are  made 
between  age  matched  treatment  groups. 

Angiography  was  performed  by  manual  instillation  of  1:1 
Renograffin:norraal  saline  into  the  left  ventricle.  Mice 
alive  at  the  time  of  angiography  were  anesthetized  with 
sodium  pentathal,  a  thoracotomy  was  performed  and  the  dye  was 
injected  into  the  beating  heart. 

Histological  slides  were  stained  with  Hematoxylin-Eosin 
and  Elastin-Von  Geison  stains. 
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RESULTS 

In  general,  the  mice  treated  with  0.45  mg/ml  of 
hydrocortisone  came  to  have  a  bloated  appearance,  were 


sluggish 

at  times  moving  very  little,  lost  hair  and  on  mice 

that  had 

a  patch  of  hair  removed  from  their  back  there  was  no 

new  hair 

growth.  Their  skin  at  autopsy  was  quite  fragile, 

weak  enough  to  be  torn  by  hand.  The  coat  color  of  a  number 
of  the  black  mice  became  grayer  and  some  mice  developed 
cataracts.  Histological  sections  of  the  lungs  of  some  mice 


showed  a 

mononuclear  cell  infiltrate.  Other  sections 

revealed 

enlarged  airspaces  and  ruptured  alveolar  septa. 

STAGE  I 

Five  mice  were  in  each  of  the  four  treatment  groups 
outlined  in  the  Materials  and  Methods.  Those  treated  with 
tetracycline  or  heparin  alone  were  still  alive  at  the  end  of 
the  experiment  on  day  30  unless  sacrificed  for  analysis.  All 
mice  treated  with  hydrocortisone  and  heparin/hydrocortisone 
were  dead  by  day  15  except  for  one  mouse  in  the  latter  group 
that  was  sacrificed  for  angiography  on  day  16.  Results  are 
summarized  in  Table  III.  Of  the  nine  mice  that  died,  six  on 
autopsy  were  noted  to  have  gross  blood  and  clot  in  the 
thoracic  cavity  (see  figure  8).  The  lungs  were  pale  and 
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obviously  not  the  source  of  the  blood.  The  liver  was  pale 
consistent  with  massive  hemorrhage.  Three  of  these  nine  mice 
were  too  mangled  on  discovery  for  meaningful  results  on 
autopsy.  Of  these  three,  one  (#31)  died  on  day  1  suggesting 

an  alternate  cause  of  death.  The  other  two  (#22,  #24)  died 

on  days  11  and  12  at  the  same  time  the  other  mice  were  dying 
suggesting  that  int rathoracic  hemorrhage  might  have  been  the 
cause  of  their  death,  but  this  could  not  be  verified.  The 

tenth  mouse,  alive  on  day  16  was  sacrificed  for  angiography. 

Two  deaths  were  observed  by  the  investigator:  After  being 
handled  these  two  mice  became  agitated,  took  a  few  steps  and 
suddenly  died  of  what  proved  to  be  intrathoracic  hemorrhage 
on  autopsy. 

The  average  length  of  survival  before  death  of  those 
mice  that  died  in  this  experiment  was  12.4  +•  1.8  days.  The 
average  length  of  treatment  before  proven  aortic  rupture  was 
12.7  +  2.1  days  (table  IV).  Using  chi-square  the  statistical 
significance  of  aortic  rupture  was  calculated  for  mice 
treated  with  hydrocortisone  (table  V).  Calculations  were 
performed  comparing  mice  treated  with  hydrocortisone  with  or 
without  heparin  to  an  "untreated”  group  which  received 
heparin  or  tetracycline  to  specifically  evaluate  the  effect 
of  hydrocortisone.  If  the  death  of  the  mangled  mice  22  and 
24  are  not  considered  due  to  aortic  rupture  the  calculated 
significance  showed  P<0.05.  If  mouse  31  which  died  on  day  1 
is  excluded  P<0.01.  Finally,  if  the  deaths  of  mice  22  and  24 
are  attributed  to  aortic  rupture  then  P<0.001.  These  results 
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suggest  that  hydrocortisone  in  very  high  doses  will 
precipitate  weakening  and  eventual  rupture  of  the  aorta  in 
heterozygous  Blotchy  female  mice;  in  this  experiment,  within 
15  days  when  added  to  drinking  water  at  a  concentration  of 
0.45  mg/ml.  Subsequent  experiments  were  designed  to  further 
examine  and  characterize  this  finding. 

Anatomy  of  the  Lesions 

The  mice  were  examined  for  gross  lesions  by  autopsy  and 
angiography;  gross  lesions  were  examined  for  histological 
abnormalities  . 

Autopsy  examination  of  mice  that  had  died  of 
intrathoracic  aortic  rupture  revealed  no  obvious  abnormality 
until  latex  dye  was  injected  into  the  left  ventricle.  The 
latex  was  noted  to  extravasate  into  the  thoracic  cavity,  most 
commonly  from  a  defect  in  the  ascending  aorta.  One  Black 
female  mouse  from  a  later  experiment  (Table  X)  which  had  an 
intact  vascular  system  at  the  time  of  death  demonstrated  an 
intact  saccular  aneurysm  of  the  aortic  arch.  More  useful 
information  was  obtained  from  angiography.  Angiography  of  a 
Blotchy  Female  mouse  that  had  died  with  intrathoracic  rupture 
demonstrated  slight  filling  of  the  aorta  to  the  level  of  the 
diaphragm  with  intrathoracic  extrusion  of  the  dye  (see  figure 
9).  Another  Blotchy  Female  was  sacrificed  for  angiography  on 
day  16.  After  anesthesia  and  thoracotomy  dye  injected  into 
the  beating  left  ventricle  demonstrated  carotid  ectasia  and 
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dilatation  and  a  prominent  fusiform  thoracoabdominal  aneurysm 
with  filling  of  the  distal  femoral  arteries  (see  figure  10). 
Angiography  of  a  Black  female  sacrificed  on  day  22 
demonstrated  a  subdiaphragmatic  fusiform  aortic  aneurysm,  a 
saccular  aneurysm  distal  to  this  with  accompanying  dilatation 
of  the  common  carotid  and  subclavian  arteries  (see  figure 
11).  Angiography  of  a  mouse  treated  with  0.045mg/ml 
demonstrated  the  normal  vasculature  (Figure  12). 

Histological  sections  were  made  of  the  heart,  lungs, 
mediastinum  and  descending  aorta  from  selected  mice.  A 
section  of  the  ascending  aorta  (#9,  EVG)  reveals  disruption 
of  the  elastic  lamina  of  the  media  with  outward  displacement 
of  the  adventitia  and  extruded  blood  (figure  13).  Another 
section  (#23,  EVG),  again  of  the  aorta,  demonstrates 
dissection  and  rupture  of  the  vessel  wall  with  blood  between 
the  elastic  lamina,  extramural  blood  and  outward  displacement 
of  the  adventitia  (figure  14). 

Histological  sections  of  the  distal  aorta  were  made  on 
mouse  #20  which  had  the  fusiform  thoracoabdominal  aneurysm 
documented  by  angiography  and  on  mouse  #4  which  had  received 
only  heparin  and  could  serve  as  a  control.  No  gross 
differences  were  noted  on  H&E  and  EVG  preparations  except 
that  the  aorta  in  mouse  #20  was  larger.  A  more  rigid 
comparison  cannot  be  made  because  of  the  age  difference  in 


these  two  mice . 


TABLE  III 
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Stage  I 


Day  of 


# 

Age 

Group 

Death 

Autopsy  results 

Histology 

31 

1  m 

H/H 

1 

++  + 

— 

9 

4m 

H/H 

12 

Gross  blood  & 

Thoracic  aorta  - 

clot  in  thorax 

Gross  perivascular 

(see  fig.  8) 

blood  -  rupture  of 
wall  with  extruded 
blood  (see  text) 
(see  fig.  13) 

24 

2m 

H 

11 

+++ 

— 

22 

12m 

H 

12 

+  +  + 

— 

23 

2m 

H/H 

13 

Gross  blood  & 

Thoracic  aorta  - 

clot  in  thorax 

Gross  dissection 
with  intramural 
and  extramural 

blood  (see  text ) 
(see  fig.  14) 

29 

1  m 

H 

13 

Gross  blood  & 

Perivascular 

+  + 

clot  in  thorax 

blood  in  media¬ 
stinal  fat 

1 1 

3m 

H 

14 

Gross  blood  & 

_ 

+  + 

clot  in  thorax 

13 

3m 

H/H 

9 

Gross  blood  & 
clot  in  thorax 

— 

7 

4m 

H 

15 

Gross  blood  & 
clot  in  thorax 

— 

20 

12m 

H/H 

16 

(sacrificed  for 

Abdominal  aorta- 

angiography  - 

no  gross 

see  text) 

abnormanlity 

4 

5m 

Hep 

18 

( sacrificed ) 

Abdominal  aorta- 

no  gross 

no  gross 

abnormality 

abnormality 

Age  m  =  months 

Group  H  =  Hydrocortisone  alone 

H/H  =  Hydrocortisone  and  heparin 
Hep  =  Heparin 

++  =  died  suddenly  while  handling 

+++  =  Destroyed  beyond  recognition  on  discovery 
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Table  IV 


Average  length  of  survival  of  treated  mice  that  died  Stage  I 
* 

Number_ Mean  (  day  s  )  SD 


All  deaths 
Aortic  rupture 


12.4 

12.7 


1.8 

2.1 


*  Excluding  mouse  31  because  of  death  on  day  one,  excluding 
mouse  20  because  it  was  alive  on  day  15. (see  text) 


Table  V 


Statistical  data  on  aortic  rupture  Stage  I 


A.  Occurrence  of  rupture  by  day  15  -  death  of  24  and  22  not 
considered  due  to  aortic  rupture.  (see  text) 


1.  Data  includes  mouse  31. 


hep/ tet 


Total 


B. 


Rupture 

6 

0 

6 

No  rupture 

4 

10 

14 

Total 

10 

10 

20 

%  rupture 

60% 

0% 

Significance  of 

rupture  in  hyd/hep  treated 

mice  . 

X  c ( 1 d f ) =5 

.95,  P<0 . 05 

2 .  Data  excludes 

mouse  31. 

hyd/hep 

hep/ tet 

Total 

Rupture 

6 

0 

6 

No  rupture 

3 

10 

13 

Total 

9 

10 

19 

%  rupture 

67% 

0% 

Significance  of 

rupture  in  hyd/hep  treated 

mice . 

X  c ( 1 df ) =7 

.12,  P<0.01 

irrence  of  rupture 

by  day  15  ■ 

-  death  of  22  and  24 

ed  due  to  aortic 

rupture.  Data  includes  mouse  31. 

hyd/hep 

hep/tet 

Total 

Rupture 

8 

0 

8 

No  rupture 

2 

10 

12 

Total 
%  rupture 


10 

80% 


10 

0% 


20 


Significance  of  rupture  in  hyd/hep  treated  mice. 

X  c(ldf)=11.0,  PC0.001 

hyd/hep-mice  treated  with  hydrocortisone  0.45  mg/ml  or 
hydrocortisone  and  heparin,  both  groups  received  tetra¬ 
cycline  . 

hep/tet-mice  treated  with  heparin  or  tetracycline.  Since  we 
are  evaluating  the  specific  effects  of  hydrocortisone  these 
can  serve  as  "untreated"  controls. 


Figure  8  Autopsy  findings  with  aortic  rupture:  Gross 
blood  and  clot  in  chest. 


Figure  9 


Angiogram  of  a  mouse  that  died  with  rupture. 
Slight  filling  of  the  aorta  to  the  diaphragm 
with  intrathor acic  extrusion  of  dye. 


Figure  10  Blotchy  female  sacrificed  for  angiography  on  day 
16.  Note  carotid  ectasia  and  dilatation  with  a 
prominent  fusiform  thoraco-abdominal  aneurysm  and 
filling  of  the  distal  femoral  arteries. 


Figure  11A  Angiography  of  a  Black  female  sacrifice  on 

day  22.  Subdiaphragmat ic  fusiform  aortic  aneurysm, 
a  saccular  aneurysm  distal  to  this  and  carotid  and 
subclavian  artery  dilatation. 

(AP  view) 


Figure  11B  (lateral  view) 


Figure  12  Angiography  of  a  Female  treated  with  0.045  mg/ml 
demonstrating  the  normal  vasculature. 
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Figure  13  (#9,  EVG)  Site  of  rupture  with  disruption  of 

the  media  and  outward  displacement  of  the  adventitia. 
This  segment  of  the  aorta  was  in  direct  continuity  wit 
the  left  ventricle. 


Figure  14A  (#23,  EVG)  Section  of  aorta  demonstrating  dissection 
and  rupture  of  the  vessel  wall  with  blood  between 
elastic  lamina,  extramural  blood  and  outward  displacem 
of  the  adventitia. 


4  3  A 


1 

A 


Figure  14B  Magnification  of  section  of  14A  demonstrating 

disruption  of  elastic  lamina  and  outward  displacement 
of  adventitia. 


Figure  14C  Magnification  of  14A  demonstrating  focal  site  of 
disruption  of  elastic  lamina. 
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Dose  response  curve  for  Hydrocortisone 

Blotchy  female  mice  were  treated  with  0.045,  0.15,  0.30 
and  0.45  mg/ml  of  Hydrocortisone  in  their  drinking  water  to 
derive  a  dose  response  curve.  The  data  are  presented  in 
Tables  VI  -  IX  and  two  dose  response  curves  are  presented  in 
figure  15.  The  first  is  based  on  data  from  Table  VIII  and 
represents  the  average  length  of  survival  of  treated  mice 
that  died  of  aortic  aneurysms  within  21  days  of  beginning 
treatment.  The  second  curve  based  on  data  presented  in  Table 
IX  represents  average  survival  of  all  mice  up  to  21  days. 
These  curves  illustrate  two  aspects  of  the  effect  of 
hydrocortisone  on  inducing  aortic  rupture:  (a)  The  effect  is 

dose  dependent,  and  (b)  the  effect  demonstrates  a  saturation 
point  representing  a  minimum  treatment  time  necessary  to 
induce  rupture.  These  are  best  demonstrated  by  the 
hyperbolic  nature  of  the  first  curve. 
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Table  VI 

Data  for  derivation  of  dose  response  curve.  (Mice  sacrificed 
for  angiography  have  been  omitted.) 


Day  of  Gross 

Mouse  Dose*  Age  Number  Death  Findings 


Blotchy 

0.045 

2 

mo  s 

1 

(21) 

(alive ) 

Female 

2 

(21) 

(alive ) 

3 

(21) 

(alive  ) 

4 

(21) 

(alive ) 

5 

(21) 

(alive) 

Blotchy 

0.15 

2 

mo  s 

1 

13 

rupture 

Female 

2 

19 

rupture 

3 

20 

rupture 

4 

20 

rupture 

5 

(21) 

(alive) 

Blotchy 

0.30 

2 

mos 

1 

9 

mutilated 

Female 

2 

13 

mutilated 

3 

13 

rupture 

4 

15 

rupture 

5 

18 

rupture 

6 

19 

rupture 

Blotchy 

0 . 4  5  A 

4 

mo  s 

1 

12 

rupture 

Female 

2 

mos 

2 

11 

mutilated 

12 

mos 

3 

12 

mutilated 

2 

mos 

4 

13 

rupture 

1 

mos 

5 

13 

rupture 

3 

mos 

6 

14 

rupture 

3 

mos 

7 

9 

rupture 

4 

mos 

8 

15 

rupture 

0.45B 

3 

mos 

1 

10 

rupture 

2 

13 

rupture 

3 

14 

rupture 

4 

15 

rupture 

5 

18 

mutilated 

6 

18 

rupture 

7 

18 

rupture 

8 

19 

other 

9 

19 

rupture 

10 

20 

other 

* 


Dose  of  hydrocortisone  administered  (mg/ml) 
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Table  VII 

Summary  of  experimental  data. 


Dose  Hydrocortisone 

0.045 

0.15 

0.30 

0 . 4  5  A 

0.45B 

0.45A&B 

Aortic  rupture 

0 

4 

4 

6 

7 

13 

Mutilated 

0 

0 

2 

2 

1 

3 

Other  cause  of  death 

0 

0 

0 

0 

2 

2 

Alive  on  day  21 

5 

1 

0 

0 

0 

0 

Total 

5 

5 

6 

8 

10 

18 

Table  VIII 

Average  length  of  survival  of  treated  mice  that 
aortic  rupture  within  21  days,  excluding  those 
(The  cause  of  death  in  the  mutilated  mice  is 
aortic  rupture . ) 

Dose  0.045  0.15  0.30  0.45A  0.45B 

died  of 
sacrificed . 
assumed  to  be 

0.45A&B 

Aortic  rupture 

( and  mutilated ) 

Number 

0 

4 

6 

8 

8 

16 

Mean  (days) 

- 

18.0 

14.2 

12.4 

15.6 

14.0 

SD 

3.4 

3.6 

1.8 

3.2 

3.0 

Table  IX 

Average  length 

o  f 

survival  of 

treated  mice 

dead 

and  alive  to 

21  days,  excluding 

those 

sacrificed . 

Dose 

0.045 

0.15 

0,30 

0 . 45  A 

0.45B 

0.45A&B 

Cumulative  days 

105 

93 

87 

99 

164 

263 

Number 

5 

5 

6 

8 

10 

18 

Mean  ( day s ) 

21 

18.6 

14.5 

12.4 

16.4 

14.6 

SD 

0 

3.2 

3.6 

1.8 

3.2 

3.3 

DOSE  RESPONSE  CURVE:  AVERAGE  LENGTH  OF  SURVIVAL  TO  AORTIC  RUPTURE 
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Figure  15A  Average  length  of  survival  of  treated  mice  that  died  of  aortic 

rupture  within  21  days.  Data  from  table  VIII.  This  table  only  includes 
mice  that  died  of  aortic  rupture. 

Standard  Error=0.32 


DOSE  RESPONSE  CURVE:  AVERAGE  SURVIVAL  OF  ALL  MICE  TO  2 1  DAYS 
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Comparison  of  response  to  oral  hydrocortisone  in  different 
phenotypes  . 


Three  groups  of  mice  were  treated  with  0.45  mg/ml  of 
hydrocortisone  to  test  for  a  variation  in  aortic  rupture 
induction  in  different  colonies  and  phenotypes.  The  three 
groups  included  Blotchy  (Blo/+)  and  Black  (+/+)  female  mice 
from  our  (Tilson)  blotchy  breeding  colony  and  Black  (+/+) 
C57BL/6J  female  mice  from  a  pure  strain  maintained  at  Jackson 
Laboratories.  The  results  are  presented  in  Table  X  and 
summarized  in  Tables  XI  -  XII.  Note  that  all  mice  were  3 
months  old  at  the  start  of  the  experiment  except  for  five  of 
the  Black  (Tilson)  which  were  two  months  old. 

All  of  the  mice  were  dead  by  day  32  and  there  where  two 
principle  findings  at  autopsy.  A  first  group  of  mice 
usually  had  intrathoracic  hemorrhage  with  accompanying 
hepatic  pallor  and  no  other  abnormalities.  A  second  group 
was  found  to  have  a  thorax  that  was  clear  or  had  a  trace  of 
blood,  a  pale  liver  with  no  other  sign  of  massive  hemorrhage 
and  the  cause  of  death  was  indeterminate  or  appeared  to 
involve  dark,  putrid  gangrenous  bowel  of  uncertain  etiology. 
The  general  trend  was  for  mice  from  our  colony  (Tilson) 
to  die  within  20  days  of  aortic  rupture  and  after  that  with 
bowel  necrosis.  The  average  length  of  survival  to  aortic 
rupture  in  Blotchy  (Tilson)  and  Black  (Tilson)  respectively 
was  15.6^3.2  and  1  5 . 5_+ 5 . 4  days,  the  average  length  of 
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survival  for  all  deaths  was  1  6 . 4+_  3 . 2  and  1  7 . 5 +_7 . 9  days,  (see 
Table  XII) 

(All  deaths  listed  as  mutilated  have  been  assumed 
to  be  due  to  aortic  rupture.  The  mutilation 
always  involved  the  thoracic  contents  making 
diagnosis  of  aortic  rupture  impossible;  but  the 
abdominal  contents  were  all  intact  and  showed  no 
sign  of  necrosis,  thus  this  is  a  reasonable 
assumption. ) 

Unlike  the  mice  from  our  breeding  colony  those  from  the 
Jackson  Laboratories  (C57BL/6J)  predominantly  died  with  bowel 
necrosis  or  another  undetermined  cause,  (only  two  with  aortic 
rupture)  and  also  lived  longer  before  death  than  the  others, 
mean  survival  19. 0 +_5 .9  days. 

Seventy  percent  of  the  Blotchy  (Tilson)  mice  died  with 
aortic  rupture.  This  result  is  similar  to  that  of  a  previous 
experiment.  Of  the  Black  (Tilson)  mice  64%  died  of  aortic 
rupture  and  of  the  Black  (C57BL/6)  mice  20%  died  of  aortic 
rupture.  This  is  a  sizable  difference  in  rate  of  aortic 
rupture  between  the  two  groups  of  black  mice.  Chi-square 
evaluation  of  the  difference  in  occurrence  of  aortic  rupture 
in  these  two  groups  shows  P<0.05,  a  statistically  significant 
result.  Comparison  of  the  occurrence  of  aortic  rupture  in 
Blotchy  and  Black  (Tilson)  70%  and  64%  respectively  shows  no 
significant  difference. 
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Table  X 


Comparison  of  different  phenotypes  with  a  constant  dose  of 
hydrocortisone. 


Day  of 

Gross 

Mouse 

Dose* 

.  Age 

Death 

Findings 

Blotchy 

0.45 

3m 

10-- 

Tilson 

13  -- 

-  Intrathoracic  rupture 

(Blo/+) 

14  -- 

15  — 

18 

Mutilated 

18 

Intrathoracic  rupture 

18 

Intrathoracic  rupture 

19 

Pale  liver,  small  amount 

0  f 

blood  in  thorax 

19 

Intrathoracic  rupture 

20 

Pale  liver;  small  amount 

0  f 

blood  in  thorax;  dark, 
bowel 

putrid 

Black 

0.45 

3m 

8 

Mutilated 

Tilson 

1 1 

Mutilated 

(+/+) 

12  — 

18  — 
20  -- 
20  -- 
2 1  -- 

-  Intrathoracic  rupture 

24 

Mutilated 

31 

Pale  liver;  dark,  putrid 

bowel 

31 

Pale  liver;  dark,  putrid 

bowel ; 

intact  saccular  aortic 
aneurysm 

arch 

2m 

6  — 

9  — 

-  Intrathoracic  rupture 

15  -- 
19  — 

(22) 

(Sacrificed  day  22) 

Black 

Jackson 

0.45 

3m 

13-- 

C57BL/6J 

14  -- 

-  Pale  liver,  small  amount 

0  f 

15  — 

blood  and  no  clot  in  thorax 

15  — 

16 

Intrathoracic  rupture 

18 

Intrathorcic  rupture; 

dark,  putrid  bowel 

19  — 

23  — 

26  — 
31  — 

-  Dark,  putrid  bowel 

*  Dose  of  hydrocortisone  administered  (mg/ml) 
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Table  XI 


Summary  of  experimental  data 


Blotchy 

Black* 

C57BL/6J 

Total 

Aortic  rupture 

7 

9 

2 

18 

Mutilated 

1 

3 

0 

4 

Other  cause  of  death 

2 

2 

8 

12 

Alive  on  day  32 

0 

0 

0 

0 

Total 

10 

14 

10 

%  rupture 

70% 

64% 

20% 

^sacrificed  mouse 

excluded 

Average  length 

Table 

of  survival 

Blotchy 

XII 

Black 

C57BL/6J 

All  deaths 
Number 

10 

14 

10 

Mean  (days) 

16.4 

17.5 

19.0 

SD 

3.2 

7.9 

5.9 

Aortic  rupture 

(including  mutilated  mice- 

see  text ) 

Number 

8 

9 

Mean  ( day s  ) 

15.6 

15.5 

SD 

3.2 

5.4 

52 


DISCUSSION 


Many  of  the  side  effects  of  steroid  therapy  are  related 
to  the  steriod  induced  weakening  of  structural  connective 
tissue.  These  experiments  have  studied  one  aspect  of  this: 
The  induction  of  aortic  rupture  with  oral  Hydrocortisone  in 
Blotchy  mice . 

Pathophysiology 

On  the  most  basic  level  these  experiments  have  confirmed 
previous  observations  of  the  effects  of  high  dose  steroids  on 
the  aortas  of  turkeys  and  hamsters  and  extended  these 
observations  to  mice.  In  these  experiments  0.45  mg/ml  of 
hydrocortisone  in  the  drinking  water  precipitated  aortic 
rupture  in  70%  percent  of  Blotchy  females  and  in  64%  percent 
of  Black  female  littermates  within  16  days.  Rupture 
consistantly  occurred  in  the  thoracic  aorta  and,  when 
location  could  be  ascertained,  appeared  to  involve  the 
supravalvular  portion  of  the  ascending  aorta.  Some 
histological  sections  demonstrated  clear  transmural  rupture, 
others  demonstrated  medial  dissection  with  external  rupture. 
All  demonstrated  disruption  of  medial  elastin  at  the  site  of 
rupture.  Angiography  of  treated  mice  demonstrated  thoraco¬ 
abdominal  and  abdominal  fusiform  and  saccular  aneurysms  with 
carotid  and  subclavian  ectasia  or  dilatation.  One  mouse  that 
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died  with  bowel  necrosis  had  an  intact  saccular  aneurysm  of 
the  aortic  arch.  Thus  the  type  of  large  artery  lesion 
induced  by  hydrocortisone  is  clear. 

Etiology 

Physiologically  aortic  rupture  will  result  from  a  stress 
strain  imbalance;  stress  due  to  systemic  blood  pressure  and  a 
lack  of  resistance  to  strain  due  to  wall  weakness.  We  did 
not  measure  systemic  blood  pressure  changes  with  treatment  in 
these  mice  but  there  is  reason  to  believe  that  the  blood 
pressure  may  have  been  elevated.  Previous  experiments  have 
shown  that  cortisone  acetate  and  methyl  prednisolone  will 
cause  hypertension  in  rats  (62,  65).  Another  investigator 
using  the  same  treatment  protocol  used  for  these  experiments 
noted  that  mice  eventually  doubled  their  daily  water  intake 
(39).  This  increased  intake  is  due  to  the  mild 
mineralocor ticoid  effect  of  the  hydrocortisone  and  leads  to 
increased  vascular  volume  and  possibly  increased  systemic 
pressure.  Also  notable  was  the  marked  cardiomegaly  seen  at 
thoracotomy  when  angiography  was  performed  on  mice  with 
intact  vascular  systems.  All  this  points  to  the  development 
of  systemic  hypertension  which  would  cause  increased  wall 
tension  and  contribute  to  aortic  rupture. 

Although  increased  stress  is  contributory,  more 
important  is  the  decreased  resistance  to  strain  induced  by 
hydrocortisone.  As  already  discussed  vascular  wall 
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integrity  is  principally  maintained  by  collagen  (31). 

Steroids  have  been  shown  to  induce  weakness  and  atrophy  of 
collagen  based  connective  tissues.  This  effect  is  mediated 
through  selective  diminution  of  new  collagen  synthesis 
possibly  by  direct  influence  of  the  steroid  on  transcription 
and  translation  (28,  66,  75,  87,  104).  Prior  experimental 
data  points  to  this  decreased  anabolic  effect  as  the 
principle  cause  of  vessel  wall  weakness  but  the  rupture  of 
these  aortas  in  two  to  three  weeks  time  points  to  a 
concomitant  rapid  catabolism  of  soluble  and  insoluble  aortic 
collagen.  Does  this  represent  the  normal  rate  of  collagen 
turnover  which  is  no  longer  balanced  by  concurrent  synthesis 
or  is  the  actual  rate  of  collagen  catabolism  increased?  Two 
effects  of  steroids  implicate  an  increased  turnover  rate  as  a 
contributer  to  the  induction  of  aortic  rupture,  one  direct 
and  one  indirect:  Respectively,  (A)  steroids  have  been  noted 
to  increase  collagenolytic  activity  in  rat  skin  (53)  and 
injured  rabbit  aortas  (72)  and;  (B)  and  if  blood  pressure  is 
elevated  by  the  mineralocor ticoid  effects  of  hydrocortisone 
the  necessary  changes  in  tensile  strength  may  promote  aortic 
wall  remodeling.  In  support  of  the  latter  possibility  is  the 
observation  that  there  is  increased  collagenolytic  activity 
in  human  aneurysmal  aortas  (13).  This  may  represent  a 
response  to  the  increased  wall  tension  created  by  the  larger 
radius  of  the  aneurysm.  In  either  case,  if  this  proposed 
induction  of  catabolism,  as  part  of  a  response  to  stress,  is 
not  balanced  by  new  structural  protein  synthesis  then  rupture 
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will  quickly  occur. 


Dose  dependency  of  rupture 

A  dose-response  curve  for  the  time  course  of  rupture 
promotion  is  presented  in  figure  15.  This  curve  is 
hyperbolic.  Minimum  effect  (no  rupture)  is  noted  at  the  low 
dose  end  and  the  curve  plateaus  at  the  high  dose  end.  This 
plateau  at  the  high  dose  end  suggests  that  the  effect  is 
saturable.  There  are  two  possible  explanations  for  this 
plateau.  The  first  is  that  the  effect  is  receptor  mediated 
and  that  at  a  certain  dose  saturation  of  this  receptor  occurs 
and  additional  drug  will  no  longer  effect  the  rate.  In  fact 
many  of  the  effects  of  steroids  in  the  body  are  known  to  be 
mediated  by  a  cytosolic  receptor.  Receptors  for  specific 
steroids  have  been  localized  to  the  canine  aortic  media  (52). 
This  receptor  may  be  responsible  for  the  anabolic  and 
catabolic  effects  of  steroids.  The  second  possibility 
is  that  once  synthesis  is  reduced  below  a  certain  level  the 
plateau  represents  the  minimum  amount  of  time  necessary  for 
collagen  catabolism  to  weaken  the  aorta  enough  to  allow 


rupture. 
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Blotchy  Mouse  Genetics 

With  the  Blotchy  mouse  we  have  an  animal  model  for 
genetic  transmission  of  a  trait  for  the  development  of  aortic 
aneurysms.  Not  only  is  it  clearly  transmitted  from 
generation  to  generation  but  in  a  very  specific  X-linked 
manner.  Hemizygous  males  are  pale  and  with  a  high  degree  of 
reliability  (98%)  develop  and  (90%)  die  from  aortic 
aneurysms.  Heterozygous  females  are  mosaic  in  color  and 
about  1/3  develop  but  few  die  from  rupture  of  an  aortic 
aneurysm.  In  light  of  the  defect  of  copper  metabolism  shown 
to  exist  in  these  mice  and  the  theory  that  it  manifests 
itself  by  causing  deficient  activity  of  copper 
metalloenzymes ,  we  thought  the  coat  color  might  be  a  good 
marker  for  the  effects  of  compounds  on  connective  tissue 
strength  and  the  development  of  aortic  aneurysms.  Having 
been  made  aware  of  the  peculiar  effects  of  an  anti¬ 
angiogenesis  regimen  of  heparin  and  hydrocortisone  on  mice 
and  having  noted  in  our  own  lab  that  the  hemizygous  male  will 
turn  darker  when  supplemented  with  copper,  we  were  curious  to 
see  the  effects  of  this  regimen  on  mice  known  to  have  a 
defect  in  copper  metabolism.  We  chose  to  use  heterozygous 
female  blotchy  mice.  To  our  surprise,  in  our  mice  treated 
with  hydrocortisone  we  noted  a  remarkable  number  of  deaths  in 
two  weeks.  Nine  of  ten  were  dead;  six  of  proven  aortic 
rupture,  and  two  more  of  probable  rupture  for  a  total  of 
eight  deaths  attributable  directly  to  the  effects  of 
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hydrocortisone,  a  highly  statistically  significant  result 
(P<0.001).  In  comparison  with  previous  studies  of  animals 
treated  with  steroids  these  mice  ruptured  after  less  time 
and  in  greater  numbers.  It  is  difficult  to  draw  exact 
comparisons  with  these  other  experiments  because  they 
employed  different  steroids  in  different  delivery  systems  at 
different  dosages  and  in  different  animals.  What  is  striking 
about  this  result  is  the  high  number  of  deaths  after  two 
weeks  with  the  same  regimen  that  another  investigator  had 
used  in  mice  for  thirty  days  to  assess  anti-angiogenesis 
effects,  and  that  enough  mice  were  alive  at  the  end  of  thirty 
days  for  him  to  draw  conclusions.  We  thought  this  was  due  to 
the  effects  of  hydrocortisone  on  collagen  metabolism 
compounding  the  copper  metabolism  defect  presumably  present 
in  1/2  of  the  heterozygous  female's  aortic  smooth  muscle 
cells.  To  prove  this  we  had  to  show  this  effect  of 
hydrocortisone  was  not  as  prominent  in  those  mice  thought  not 
to  be  carrying  the  defect  in  copper  metabolism.  For  this 
Black  female  (+/+)  littermates  of  the  Blotchy  female  (Blo/+) 
mice  were  used.  They  were  all  treated  with  0.45  mg /ml  of 
hydrocortisone  and  all  demonstrated  the  same  susceptability 
to  the  effects  of  the  steroid.  Seventy  percent  of  the 
Blotchy  ruptured  in  an  average  of  15.6  days  and  64%  of  the 
Black  ruptured  in  an  average  of  15.5  days.  This  raised  the 
possibility  that  perhaps  the  Blotchy  strain,  at  least  those 
of  our  inbred  colony  may  actually  have  a  separate  defect 
contributing  to  aortic  weakness  and  predisposing  to  aneurysm 
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development.  Perhaps  this  defect  only  weakened  the  aortic 
collagen  mildly  thus  the  Blotchy  females  which  have  adequate 
lysyl  oxidase  activity  are  not  effected  lethally.  However 
when  combined  with  the  severely  deficient  lysyl  oxidase 
activity  in  the  heraizygous  male  due  to  the  defect  in  copper 
metabolism  a  lethal  combination  arises  and  causes  the 
frequent  rupture  characteristic  of  the  Pale  males. 

Observations  by  other  investigators  are  consistant  with 
this  hypothesis.  Recall  from  Table  I  that  while  Brindled  and 
Blotchy  mice  have  a  similar  defect  in  copper  metabolism  32% 
of  (Blo/+)  mice  and  85%  of  (Blo/Blo)  mice  will  develop 
aneurysms  while  0%  of  ( B r / + )  and  (Blo/Br)  mice  will  (93). 

Skin  lysyl  oxidase  activity  of  the  Blotchy  mouse  does  not 
respond  as  well  to  copper  supplementation  as  that  of  the 
Brindled  mouse  and  cytochrome  C  oxidase  activity  which 
responded  quite  well  to  copper  supplementation  in  Brindled 
mice  did  not  respond  at  all  in  Blotchy  mice  (16).  Thus  there 
must  be  another  defect  to  explain  the  differences  noted 
between  these  two  strains  of  mice  which  have  a  similar  defect 
in  copper  metabolism. 

To  support  this  hypothesis  we  acquired  normal  C57BL/6J 
female  (+/+)  mice  that  reportedly  had  no  mottled  relatives. 

We  tested  these  mice  for  the  vascular  effects  of 
hydrocortisone  and  found  them  to  be  less  susceptible  as 
compared  to  Black  and  Blotchy  controls  from  our  breeding 
colony.  The  C57BL/6J  mice  responded  to  hydrocortisone 
differently.  Most  of  the  mice  from  our  breeding  colony 
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Blotchy  and  Black  died  earlier  deaths  (within  18  to  20  days, 
mean  1  5 . 6_+ 3 . 2  and  1  5 . 5 +_5 . 4  days)  of  aortic  rupture  and  later 
deaths  with  bowel  necrosis.  Few  of  the  C57BL/6J  mice  died  of 
aortic  rupture,  most  died  later  deaths  with  bowel  necrosis  or 
of  undetermined  causes  (mean  19.0_+5.9  days). 

The  common  result  noted  in  the  mice  from  our  colony 
which  is  dissimilar  to  that  in  C57BL/6J  mice  demonstrates 
that  in  our  strain  of  Blotchy  mice  there  is  a  predisposition 
to  the  development  and  rupture  of  aortic  aneurysms  distinct 
from  the  effects  of  the  mottled  locus.  Assuming  for  the 
moment  that  this  is  a  genetically  transmitted  trait  with  a 
single  locus,  which  for  the  moment  we  will  call  "aneurysm", 
what  classical  modes  of  transmission  are  possible?  The 
answer  to  this  question  is  complex.  If  this  gene  is  distinct 
from  the  classic  mottled  gene  and  if  it  is  on  a  separate 
chromosome  there  should  be  independent  assortment.  If 
located  on  tine  same  chromosome  (the  X-chromosome)  there 
should  be  a  certain  amount  of  crossing  over  unless  the  two 
genes  are  located  quite  close  to  each  other.  In  either  case 
there  would  be  two  populations  of  Pale  males;  those  that 
received  the  "aneurysm"  gene  and  those  that  did  not.  There 
is  not  enough  data  available  to  adequately  assess  if  there 
are  two  Pale  male  populations  but  the  data  in  Table  I 
reporting  that  98%  develop  aneurysms  suggests  there  are  not 
two  populations.  Of  importance  here  also  is  that  the  Blotchy 
mouse  is  an  artificial  population  in  that  it  is  inbred.  This 
selective  inbreeding  has  been  on  the  basis  of  coat  color  thus 
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the  gene  for  ” aneurysm”  would  have  to  be  consistant  with  a 
pattern  that  could  be  bred  for  while  selecting  for  the  X  - 
linked  coat  color  allele.  Taking  all  this  into  account,  what 
modes  of  transmission  are  possible? 

Autosomal  recessive:  For  this  to  be  true  there  would 
have  to  be  identical  defects  in  the  genetic  loci  of  the  two 
autosomes.  In  a  wild  type  setting  where  there  is  independent 
selection  of  mates  a  recessive  trait  like  this  would  not  be 
expressed  in  all  the  mice.  However,  in  a  selectively  bred 
population  such  as  ours;  if  no  dominant  normal  alleles  for 
this  locus  are  in  the  gene  pool  the  recessive  trait  will  be 
maintained  and  expressed  in  all  animals.  One  problem  with 
this  theory  is  that  if  this  were  a  simple  point  mutation  in  a 
population  that  has  been  inbred  for  many  years  to  produce 
many  mice  one  would  expect  there  to  be  a  corrective  mutation 
to  add  a  dominant  normal  to  the  gene  pool.  Data  to  assess 
this  are  not  available  at  this  time. 

Autosomal  dominant:  Again  here  the  loci  on  both 
chromosomes  would  have  to  be  identical.  If  there  were  any 
recessive/normal  genes  in  the  pool  they  would  be  expressed  in 
an  inbred  population. 

X-linked  recessive  and  dominant:  Unless  present  on  both 
chromosomes  these  would  give  two  separate  pale  male 
populations . 

The  only  conclusion  that  can  be  drawn  from  this  is  that 
whatever  the  mutation,  it  must  be  present  on  both  chromosomes 
to  be  maintained  in  this  selectively  bred  population. 
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Implications  for  human  beings. 

In  spite  of  the  numerous  deleterious  side  effects, 
steroid  usage  is  widespread  in  medicine.  Many  people  with 
severe  autoimmune  diseases,  vasculitides ,  malignancies,  et 
cetera  are  maintained  on  high  doses  of  steroids  to  control 
symptoms  or  prevent  or  lessen  disease  progression.  We  have 
shown  that,  in  mice  predisposed  to  aneurysm  development, 
steroids  induce  rapid  and  predictable  aneurysm  formation  and 
rupture.  The  dose  given  mice  treated  with  0.45  mg/ml  based 
on  daily  consumption  of  7  milliliters  of  water  by  a  30  kg 
mouse  is  0.105  mg/gm/day.  The  equivalent  dose  in  a  70 
kilogram  man  would  be  7.4  gm/day.  Obviously  a  hefty  dose  by 
any  standard!  Nevertheless  this  is  the  necessary  dose  in  an 
experimental  cancer  anti-angiogenesis  regimen  (39).  The 
investigator  working  with  this  regimen  has  since  experimented 
with  isomers  of  hydrocortisone  which  seem  to  have  similar 
anti-angiogenetic  properties  without  the  glucocorticoid  and 
anti-inflammatory  effects  of  hydrocortisone.  These  were  not 
available  to  us  in  sufficient  quantities  to  test  their 
effects  on  our  model  but  it  would  be  interesting  to  see  if 
these  do  not  cause  aneurysms. 

In  light  of  the  increasing  evidence  that  aneurysmal 
disease  in  humans  is  a  genetic  trait  (101),  assessment  of 
patients  for  aneurysmal  disease  before  induction  of  and 
during  prolonged  steroid  treatment  would  seem  appropriate. 
This  is  especially  important  in  patients  with  Marfan’s 
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Syndrome  who  are  known  to  have  increased  incidence  of  aortic 
dissection  and  patients  with  Ehlers-Danlos  Syndrome  who  have 
weakness  in  other  connective  tissues  besides  the  aorta  and 
may  be  predisposed  to  rupture  if  steroids  are  prescribed. 

The  only  information  available  on  the  association  of  steroids 
and  aneurysms  is  the  results  of  drug  trials  in  patients  with 
Kawasaki's  disease  (59)  and  the  increased  incidence  in 
pregnant  woman  (82),  both  discussed  previously.  There  is  no 
data  relating  the  incidence  of  aneurysmal  disease  in  patients 
on  chronic  steroid  treatment. 

Work  is  currently  in  progress  to  identify  a  biochemical 
marker  for  the  aneurysmal  trait  and  when  identified  will  be 
useful  to  alert  the  physician  to  patients  predisposed, 
especially  when  considering  institution  of  chronic  steroid 
therapy . 
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